This paper investigates the nonlinear roll motion of a flooded ship in waves by using model experiments. It is found that roll response of a flooded ship can exhibit irregular and complicated behaviour, even in regular beam waves with moderate amplitude. Nonlinear analyses indicate that they can be chaotic. Nonlinearity in the restoring moment and dynamic effects of flooded water cause this complicated motion.
Introduction
In the tragic accidents of two ferries, the Herald of Free Enterprise in 1987 (Dand 1989) and the Estonia in 1994, water flooding onto the vehicle deck led to capsize and sinking with heavy loss of lives. Both ferries went down within minutes. A ship is designed to have enough restoring forces even if it is flooded. Why did the ferries capsize so quickly? A ferry has a large and open vehicle deck on which flooded water can freely move. Moreover, the capsizing of the Estonia took place in heavy seas with a wave height of 5-6 m. This paper considers dynamic effects of flooded water on ship motion in waves.
Stability of roll motion in waves is deeply related to capsizing. When the roll angle φ is small, the restoring roll moment M r (φ) in still water can be approximated by M r (φ) = WGM φ, where W and GM denote the displacement of a ship and the metacentric height above the centre of gravity, respectively. Thus GM has often been used as an index for stability of ship motion. It is well known that fluid with a free surface, or free water, inside a ship decreases GM by (ρ /ρ)(i/V ), where ρ and ρ denote the densities of sea water and fluid in a ship, i is the moment of inertia of a free surface of fluid in a ship about the centre of the free surface, and V is the displaced volume of a ship, respectively. In order to decrease i and increase GM , some vertical walls or bulkheads are set on the ship except on the vehicle deck; this is because a vehicle deck is designed to make loading and unloading easier.
In waves, free water also has positive effects, used in the anti-rolling tank to stabilize the roll motion (Vasta et al . 1961) . The design of the tank is based on a linearized theory in which the wave slope, the roll motion and the motion of fluid in the tank are assumed to be small. On the other hand, nonlinear features of the dynamic effects on roll motion in waves have not been investigated in much detail (Dillingham 1981; Caglayan & Storch 1982) , although nonlinear roll motion with no flooded water has been considered by many researchers (Paulling & Rosenberg 1959; Nayfeh et al . 1973; Wright & Marshfield 1980; Nayfeh 1988; Francescutto et al . 1994) . There has been a good deal of work on free-surface motion of fluid in vessels subjected to forced oscillation (Verhagen & van Wijngaarden 1965; Chester 1968; Ockendon & Ockendon 1973; Miles 1976 Miles , 1984 Miles & Henderson 1990) . We cannot directly apply those results to the present problem because the motion of a flooded ship is coupled with that of free water inside a ship just like a double pendulum system (Skeldon 1994) . The coupling effects cause internal resonances and further complicate the problem (Thompson & de Souza 1996) . Nonlinear ship motion in waves has been considered from the viewpoint of nonlinear dynamics (Virgin 1987; Kan & Taguchi 1990; Rainey & Thompson 1991; Soliman & Thompson 1991; Thompson et al . 1992; MacMaster & Thompson 1994; Thompson 1997) . Deterministic chaos and its applications have been studied in a variety of engineering fields (Thompson & Stewart 1986; Moon 1992; Aihara & Katayama 1995) . It appears that prediction of chaotic motion may be a useful indication of imminent capsizing (Virgin 1987) . Most works have investigated nonlinear model equations of ship motion theoretically and numerically, but few experimental studies on chaotic ship motion have been published. When we put water into a box-shaped vessel floating in still water, the upright equilibrium position becomes unstable and the box inclines either to the starboard or to the port side. Namely, this system has two statically stable points. In this sense, a flooded ship is similar to a bistable spring-mass system which exhibits chaotic motion (Thompson & Stewart 1986) .
This paper reports experimental results about nonlinear roll motion of a flooded ship in regular beam waves. Measured time-series data are analysed by using power spectra, reconstruction of possible attractors in a delay coordinate state space, stroboscopic plots, correlation exponents and Liapunov exponents. These results suggest that roll motion can be chaotic under some conditions. In addition, we discuss what causes this nonlinear motion.
Experiments of a model ship (a) A ferry model and the experimental method
We conducted model experiments in a wave tank 8 m wide, 50 m long and 4.5 m deep at the Ship Research Institute. General views and the main details of the ferry model (scale ratio: 1/23.5) are shown in figure 1a and table 1, respectively. The model has a closed vessel which imitates the vehicle deck. We put a prescribed amount of water into it and examined ship motion in regular beam waves for about 3 min. The model was placed 18.75 m from a wavemaker as shown in figure 1b. We measured roll and pitch motions by an inclination meter, and heave and sway motions by accelerometers of servo type, respectively. These meters were directly attached to the model. Figure 2a shows the time-series data of the measured roll angle φ(t) under the conditions of the ratio of the amount of flooded water w to the displacement of the model W , w/W = 0.2, the wave height H = 13.0 cm and the wave period T = 1.44 s. The slope of the waves H/λ ≈ 1 25 (λ is the wavelength). The experiment was started after the model was set to the statically balanced position φ(t = 0) = 19.0
(b) Experimental results
• in the lee side in still water. The roll angle φ(t) > 0 when the model heels to the lee side. For t < 65 s, the model rolls with the average amplitude of about 2
• and the same period as that of the incident waves T . After the model is lightly impinged by a stick at t ≈ 65 s, the roll response is changed to large-amplitude motion with the average T . period of 2T . Coexistence of different types of motion is one of the characteristics of nonlinear dynamics. Furthermore, we should notice that the measured roll motion is irregular even in regular waves. In order to examine this point, we reconstructed a possible attractor by using delay coordinates (φ(t), φ(t + τ ), φ(t + 2τ)) with a delay time of τ = 1 4 T . Figure 2b shows such an attractor of the large-amplitude motion in 70 < t < 120 s. The trajectory in figure 2b looks like a strange attractor. Thus we can consider that the large-amplitude motion in 70 < t < 120 s is not a simple subharmonic motion. In the experiments, we observed that the measured nonlinear ship motion is almost two dimensional in the vertical cross-section parallel to the direction of progress of the incident waves, and dominated by coupled motion of roll and flooded water. These results motivated us to further study this nonlinearly coupled dynamics.
Simplified two-dimensional experiments of a box-shaped ship (a) A box-shaped model and the experimental method
In this section, we focus on coupled motion of roll and flooded water by using simplified two-dimensional experiments with a box-shaped model in the same wave tank as the experiment of the ferry model. The general view and principal particulars of the box-shaped model (scale ratio: 1/35.6) are shown in figure 3a and table 2, respectively. In order to create a two-dimensional flow field around the model, it was set between two end-plates. The model was connected to a measuring system which allows roll, sway and heave motion, as shown in figure 3b. The motion was measured by potentiometers. In this system, the sway motion was restricted by weak springs (the spring constant k = 3.92 N m −1 ) because the range of measurement in the direction of sway was limited. We examined the motion of the simplified model in regular waves of constant frequency f wave = 0.7 Hz (the wavelength λ = 3.18 m) when the amount of flooded water w = 3 and 5 kg. The wave height H as the bifurcation parameter was changed from 6.0 to 19.0 cm. For each run, the motion was measured for about 3 min with f wave , w and H kept constant. Similar to the experiment of the ferry model, at t = 0 the box-shaped model was set to the static equilibrium positions in the lee side φ(t = 0) = 10.6
• for w = 3 kg, and φ(t = 0) = 16.6
• for w = 5 kg, respectively.
(b) Experimental results
Figures 4 and 5 show time-series data, power spectra and reconstructed attractors of different types of roll motion measured by the box-shaped model with w = 3 and 5 kg, respectively. Figure 6 summarizes the complex variation of the roll motion with changing wave height H. From these results, we see the following.
(i) The case where the amount of flooded water w = 3 kg (1) For small wave height, H < 8.0 cm, regular roll motion with the same period as the waves, type P1, is found.
(2) For 8.0 < H < 11.8 cm, irregular and complicated motion, type C1, is found. The power sectrum has the broad-band characteristic of chaos with the first peak at frequency f = f wave and the second at f = (3) For 11.8 < H < 13.5 cm, regular motion, of which the power spectrum has a first peak at f = f wave and a second at f = 1 2 f wave , type P2, is found. In some cases, the power spectrum has a third peak at f = 1 2 f wave and finer peaks. Thus this motion may be a kind of band chaos usually to be observed after accumulation of period-doubling bifurcations. For 12.8 < H < 13.5 cm, two types of motion, P2 and P1, coexist.
(4) For 12.8 cm < H, regular motion of type P1 is again found.
(ii) The case where the amount of flooded water w = 5 kg
(1) For small wave height H < 10.8 cm, regular motion of type P1 is found.
(2) For wave height 9.5 < H < 11.6 cm, regular motion with period 3T , type P3, is found. (3) For 10.6 < H < 16.3 cm, irregular and complicated motion, type C2, is found. The power sectrum has its first, second and third peaks at f = f wave , 2 3 f wave and 1 3 f wave , respectively, with the broad-band characteristic of chaos.
(4) For 15.1 < H < 17.0 cm, regular motion of type P2 is found. In this range, type P1 is not found.
(5) For 16.8 < H < 18.3 cm, irregular and complicated motion of the same type of chaotic motion as in the case w = 3 kg, type C1, is found.
(6) For 18.3 cm < H, irregular and complicated motion, type C3, is found. The model rolls around the two static equilibrium positions in the lee and the weather sides (see figure 9c) . We can see the continuous nature of the power spectrum.
(7) For 9.5 < H < 11.6 cm and 15.1 < H < 17.0 cm, different types of motion coexist. Figure 7 shows variation of measured roll motion of the box-shaped model without flooded water, namely w = 0 kg. In this wide range of wave height, only regular motion of type P1 is found. The maximum amplitude of measured roll motion φ max − φ min in figures 4, 5 and 7 is summarized in figure 8 . We can see that the relation between the amplitude and the wave height is almost linear and gentle for w = 0 kg, but not for w = 3 and 5 kg. It should be noted that amplitude of roll motion of a flooded ship can be more than twice that of a watertight ship with nonlinear response.
We also observed that the motion of flooded water changes with the roll motion, and that the surface of flooded water is almost flat, but not horizontal. This indicates that the dynamic effects of flooded water are not negligible.
Chaotic roll motion
This section further analyses irregular and complex roll motion in figures 4b, 5f and 5g, which are referred to as cases 1, 2 and 3, respectively. series data and reconstructed attractors in the three-dimensional state space (φ(t), φ(t+τ ), φ(t+2τ )). Figure 10 represents the relation between the correlation exponent ν and the dimension of the reconstructed state space n of these data (Grassberger & Procaccia 1983a, b) . The correlation exponent ν is used as an index to measure the geometrical complexity of an attractor. Figure 10 shows that, in all cases, the values of ν seem to converge between 2 and 3 with increase of n, and that case 3 has the largest values of ν for all n. Table 3 shows Liapunov exponents µ i (i = 1, . . . , n) when the reconstructing dimension n = 5 (Sano & Sawada 1985) . In all cases, the maximum Liapunov exponent µ 1 is positive. Figures 11-13 display the stroboscopic plots of (φ(t), φ(t + τ )) on Poincaré sections with ϑ = 0, 30, 60, . . . , 330
• , where ϑ denotes the phase of the incident waves. We can clearly see stretching, folding and compressing processes peculiar to low-dimensional chaos.
From these results, we can conclude that these three cases of roll motion are chaotic in the sense that: (1) the power spectrum has the continuous and broad band characteristic; (2) the correlation dimension seems to be between 2 and 3; (3) the system has a positive Liapunov exponent; and (4) the attractor has a typical dynamical structure to produce low-dimensional chaos. figure 5f ); (c) case 3 with w = 5 kg and H = 18.6 cm (see figure 5g ).
Discussion
Experimental results and nonlinear analyses demonstrate that the roll response of a flooded ship can exhibit chaotic behaviour even in regular waves of moderate amplitude. What causes this nonlinear phenomenon? First of all, we should discuss nonlinearity in the restoring roll moment M r (φ). In still water, M r (φ) can be expressed as Figure 11 . Stroboscopic plots of case 1 with w = 3 kg and H = 8.9 cm: ϑ, phase of incident
where P s and P w denote the potential energies of the ship and flooded water, respectively, which contribute the roll moment. When the body is acted on by a couple as shown in figure 14 , the total moment is independent of the choice of origin. Here, for convenience, take the coordinates (x, y) in which the x-and y-axes are defined to be the horizontal and vertically upward directions, respectively, and the origin is set at the centre of gravity of the ship G s (see figure 14) . Then the potential energies for the roll moment P s and P w are given by
where M and m denote the masses of the ship and flooded water, g is the gravitational acceleration, B s and G w are the centre of buoyancy of the ship and the centre of gravity of flooded water, and y B s and y G w are the y-coordinates of B s and G w , respectively. For simplicity, consider |φ|, |χ| < 30
• . Namely, we discuss the nonlinear roll motion found in the experiments, but not capsizing phenomena. From observation 
• . of the experiments, we can assume that the surface of flooded water is almost flat, with slope χ as shown in figure 14 . The y-coordinates of B s and G w can be written in the form is the draft of the ship, d w is the averaged depth of flooded water, b s is the breadth of the ship, b w is the breadth of the vehicle deck inside the ship, f r is the freeboard of the ship, K is the centre of the bottom of the ship,
and tan χ * = 2d w /b w , respectively (see figure 14) . The sectional shape of the ship under the still water level and that of the flooded water are trapezoidal for |φ| < φ * and |χ| < χ * , and triangular for |φ| > φ * and |χ| > χ * , respectively. Figure 15 shows the potential energy surfaces by contour plots of P (φ, χ) = P s +P w for w = 0, 1, 3 and 5 kg. The χ-axis in figure 15a (w = 0 kg) is prepared for comparison with the other cases. We can see that flooded water makes two hollows, stable nodes, at φ = χ = ±φ n and one saddle at φ = χ = 0, and that the slope of the potential energy surface becomes steep with increasing w. Two stable nodes correspond to the equilibrium points in still water. Large curvature on the complicated surface of the potential energy brings about strong nonlinearity in the restoring roll moment M r . For w = 0 kg, the surface is smooth and only regular motion with the same period as the waves, type P1, is found in the experiments, as shown in figure 7 .
When ship motion is slow, χ is almost equal to φ. Figure 16 shows M r (φ, φ) for w = 0, 1, 3 and 5 kg. The static equilibrium positions φ 0 are obtained by M r (φ 0 , φ 0 ) = 0. We can see that M r (φ, φ) is almost linear with respect to φ, namely M r ≈ W GM φ, for w = 0 kg, but not for w = 1, 3 and 5 kg.
From these results, we can consider that nonlinearity in the restoring roll moment plays an important role in the chaotic roll motion found in the experiments. In addition, we should notice that, in waves, the surface of flooded water is not horizontal and moves, namely χ(t) = φ(t). The dynamic effect of flooded water causes nonlinearly coupled dynamics of roll and flooded water. We will theoretically study these complicated dynamics in a subsequent paper.
Since capsizing was not observed in the experiments, we cannot conclude that chaotic roll motion found in this work is directly related to the capsizing accidents mentioned in the introduction. We need further investigation for this point. But it should be noted that a flooded ship can exhibit chaotic and large amplitude motion, in a wide range of parameters, which may lead to a serious accident. Thus this problem is worthy of urgent consideration by naval architects and ocean engineers.
Conclusions
Model experiments demonstrate that a flooded ship can exhibit irregular and complicated roll motion with large amplitude even in regular waves of moderate amplitude. This motion is chaotic because: (1) the power spectrum has the broad band characteristic; (2) the correlation dimension seems to be between 2 and 3; (3) the maximum Liapunov exponent is positive; and, particularly, (4) the stretching, folding and compressing process is clearly found in the stroboscopic plots. Nonlinearly coupled dynamics of roll and flooded water are the key to understanding this complicated motion of a flooded ship in waves.
